snRNPs, integral components of the pre-mRNA splicing machinery, consist of seven Sm proteins which assemble in the cytoplasm as a ring structure on the snRNAs U1, U2, U4, and U5. The survival motor neuron (SMN) protein, the spinal muscular atrophy disease gene product, is crucial for snRNP core particle assembly in vivo. SMN binds preferentially and directly to the symmetrical dimethylarginine (sDMA)-modified arginineand glycine-rich (RG-rich) domains of SmD1 and SmD3. We found that the unmodified, but not the sDMAmodified, RG domains of SmD1 and SmD3 associate with a 20S methyltransferase complex, termed the methylosome, that contains the methyltransferase JBP1 and a JBP1-interacting protein, pICln. JBP1 binds SmD1 and SmD3 via their RG domains, while pICln binds the Sm domains. JBP1 produces sDMAs in the RG domain-containing Sm proteins. We further demonstrate the existence of a 6S complex that contains pICln, SmD1, and SmD3 but not JBP1. SmD3 from the methylosome, but not that from the 6S complex, can be transferred to the SMN complex in vitro. Together with previous results, these data indicate that methylation of Sm proteins by the methylosome directs Sm proteins to the SMN complex for assembly into snRNP core particles and suggest that the methylosome can regulate snRNP assembly.
The neuromuscular disease spinal muscular atrophy (SMA) is characterized by degeneration of motor neurons of the spinal cord, leading to muscular weakness and atrophy (40) . The survival-of-motor-neurons gene (SMN) is present as an inverted repeat on chromosome 5 at 5q13, and over 98% of SMA patients have mutations or deletions of the telomeric copy of the gene (SMN1), resulting in reduced levels of the survival motor neuron (SMN) protein (31; reviewed in reference 8).
snRNP core particles assemble in the cytoplasm from newly exported snRNAs and the core Sm proteins (SmB, SmD1, SmD2, SmD3, SmE, SmF, and SmG). Cap hypermethylation of the U snRNAs requires that the core Sm proteins assemble on the Sm sites of the U1, U2, U4, and U5 snRNAs. snRNP Sm core particles are believed to be constructed of a sevenmember ring containing each of the Sm proteins with a single U snRNA bound in the center of the ring (28) . The presence of the properly assembled Sm core as well as the 2,2,7-trimethylguasnosine (m 3 G) cap is required for snRNP import to the nucleus (13, 16, 17, 27, 38, 39, 41) . Regions conserved in all of the Sm proteins (Sm motifs 1 and 2) (51) are most likely required for proper folding of these proteins and their reciprocal interactions (28) . In the cytoplasm, SMN is associated with the Sm proteins (9, 36) . In Xenopus oocytes, microinjection of anti-SMN complex antibodies inhibits or stimulates snRNP core particle formation, and transient expression of a dominant-negative mutant of SMN in mammalian cells sequesters Sm proteins and snRNA in large cytoplasmic aggregates (7, 15, 45) . These results indicated that the SMN complex has a crucial role in snRNP core particle assembly.
Another protein, pICln, has been suggested to be a negative regulator of snRNP assembly. This conclusion was based on inhibition of snRNP assembly upon injection of large quantities of recombinant pICln into Xenopus oocytes. PICln was also shown to bind to the Sm proteins BЈ, D1, D2, D3, and E (47) as well as to a protein described as IBP72 (30) . Recently, IBP72 was shown to interact with Janus kinases (JAK1 and JAK2) and was renamed JBP1 (for JAK-binding protein 1) (46) . JBP1 has been shown to be a protein arginine methyltransferase (46, 49) . The yeast homologue of JBP1 (skb1) appears to be involved in the osmotic response and in regulation of mitosis (4, 26) . However, the function of mammalian JBP1 is not known.
SMN oligomerizes and is found in a large complex with Gemin2 (formerly SIP1) (36) , Gemin4 (10) , and the DEAD box RNA helicase Gemin3 (9) . The conserved YG domain (amino acids 276 to 279 in human SMN) is responsible for SMN oligomerization (37, 44) , which greatly increases SMNЈs affinity for SmD1, SmD3, and SmB (44) . The SmD1 and SmD3 arginine-and glycine-rich (RG) carboxyl-terminal domains are necessary and sufficient for SMN binding (20) . In contrast, SmB has a much longer carboxyl-terminal RG domain (approximately 151 amino acids long) which has stretches of prolines and dispersed RG repeats. This domain is required, but not sufficient, for SMN binding (20) . All of the thus-far-tested SMN mutants found in SMA patients who do not have the SMA gene deleted are defective in Sm protein binding, providing evidence that a defect in these interactions may play a role in the pathology of SMA (7, 20, 44) .
Specific arginines in the carboxyl-terminal RG domains of SmD1 and SmD3 are posttranslationally modified to symmetrical dimethylarginines (sDMAs) (5) . SMN preferentially binds to the sDMA-modified forms of SmD1 and SmD3, suggesting that protein methylation may be a general mechanism for regulating protein-protein interaction (21) . Proteins were shown to contain dimethylarginines over 30 years ago (42, 43) , yet knowledge of the molecular functions of protein arginine methylation remains limited. Type I protein arginine methyltransferase (PRMT) activity produces asymmetrical dimethylarginine (aDMA), while type II PRMT activity produces sDMA (reference 24 and references therein). A number of type I PRMTs have been characterized, and it appears that the majority of cellular PRMT activity is from the type I enzymes (19, 25) . Asymmetrical dimethylation of hnRNP proteins has been suggested to play a role in their nuclear export (52) , and the type I methyltransferases CARM1 and PRMT1 were shown to be involved in transcriptional activation by a nuclear hormone receptor (11, 29) . No cloned PRMTs have been conclusively shown to be type II enzymes, and besides SmD1 and SmD3, myelin basic protein (3) is the only other protein known to contain sDMAs.
Here, we demonstrate that JBP1 is a type II PRMT which symmetrically dimethylates the RG domains of Sm proteins and associates, along with the pICln protein, with RG domaincontaining Sm proteins in a 20S methyltransferase complex. We refer to this large 20S complex as the methylosome and show that SmD3 from the methylosome, but not that from a 6S pICln complex, can be transferred to the SMN complex. These findings suggest that the methylosome functions to symmetrically dimethylate Sm proteins prior to their association with SMN and snRNP assembly and therefore that the methylosome could regulate snRNP assembly.
MATERIALS AND METHODS
DNA constructs and recombinant proteins. Flag-pcDNA3 was constructed by ligating a linker encoding the Flag epitope into HindIII-BamHI-cleaved pcDNA3 (Invitrogen). The JBP1 cDNA was a kind gift from Stevan Marcus (26) and was cloned in frame with the Flag epitope in Flag-pcDNA3 to make FlagJBP1pcDNA3. The arginine 368-to-alanine mutation in JBP1 was constructed by PCR site-directed mutagenesis by overlapping PCR using primer pairs encoding the desired amino acid change and restriction sites for cloning back into FlagpcDNA3. Constructs for bacterial expression and recombinant protein purification of glutathione S-transferase (GST)-D1, GST-D1c29, GST-D3, and GSTD3c32 and constructs for mammalian cell expression of myc-D3, myc-D1, mycD1⌬c29, and myc-D3⌬c32 were described previously (20) . Maltose-binding protein (MBP) fused to the alpha subunit of ␤-galactosidase (MBP-␤Gal␣) and MBP fused to the RGG domain of hnRNP A2 (MBP-A2-RGG) were produced from pMAL-c2 (New England Biolabs) and purified according to the manufacturer's recommendation. MBP-A2-RGG was constructed by subcloning a PCR fragment encoding hnRNP A2 amino acids 266 to 341 in frame with MBP in pMAL-c2.
Cell culture and transfection. 293 cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum. 293 cells growing on 100-mm-diameter culture dishes (about 40% confluent) were transfected with 5 to 10 g of DNA using the CalPhos Mammalian Transfection Kit (Clontech Laboratories) according to the manufacturer's recommendation.
Affinity chromatography and cell extract preparation. Extract preparation and cell fractionation were done as described previously (54) . GST fusion proteins (3 to 8 g) immobilized on 30 l of glutathione-Sepharose beads (Amersham) or peptides (1 nmol) immobilized on High Performance streptavidin-Sepharose (Amersham) were incubated with 3 to 4 mg of extracted cellular protein (50 to 150 l) in 1 ml of binding buffer (50 mM Tris [pH 7.5], 200 mM NaCl, 0.2 mM EDTA, 0.05% NP-40, 2 mM dithiothreitol, and one tablet of complete EDTAfree protease inhibitor cocktail per 50 ml). Beads were washed seven times with 1 ml of binding buffer, boiled for 5 min in sodium dodecyl sulfate (SDS) sample buffer, and separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The peptides used were described previously (21) .
Sucrose gradient centrifugation. Cellular extracts were separated on 5 to 20% sucrose gradients at 33,000 rpm in an SW41 rotor at 5°C for 15 h 20 min. Fractions (0.5 ml) were collected, and 6% of each fraction was separated by SDS-PAGE and analyzed by Western blotting as indicated. The remainder of the fractions were pooled as indicated and used directly for immunoprecipitation or interaction analysis. Five 100-mm-diameter plates of 293 cells transfected with the indicated expression constructs were used for each sucrose gradient.
Purification of the SMN complex. For purification of the SMN complex, Flag-Gemin2, myc-SMN, myc-Gemin3, and myc-Gemin4 were transiently expressed in 293 cells, and cytoplasmic extract was prepared from these cells and incubated with anti-Flag Sepharose (Sigma) for 2 h at 4°C. After extensive washing with RSB-200 (10 mM Tris-HCl [pH 7.5], 200 mM NaCl, 2.5 mM MgCl 2 ) with 0.01% NP-40, the complex thus purified was used in the experiment presented in Fig. 9 .
Immunoprecipitation, Western blotting, and antibodies. Immunoprecipitations, SDS-PAGE, and Western blot analysis were done as previously described (36) . Antibodies used in these experiments were as follows: anti-SMN (2B1) (35) , anti-Gemin2 (2E17) (36) , anti-Gemin3 (11G9) (9), anti-Gemin4 (22C10) (10), anti-myc (9E10), anti-pICln (Transduction Laboratories), anti-Sm protein (Y12) (33), anti-JBP1 (a kind gift from Michael Nunn and Gary Zieve), nonimmune antibody SP2/0 (12), and anti-Flag (Sigma). Immunoprecipitation on anti-Flag beads and elution with Flag peptide (Sigma) were done according to the manufacturer's recommendation.
Mass spectrometric identification of JBP1. The 70-kDa band of GST-D3c32 was excised, reduced, alkylated, and digested using trypsin as described previously (53) . The acidified supernatant was placed on a thin layer of 4-hydroxy-␣-cinnamic acid as a matrix (56) . Spectra were acquired on a Reflex III instrument (Bruker Daltonics, Bremen, Germany). The data were interpreted and searched against a nonredundant database containing over 600,000 protein entries using the Protein and Peptide Software Suite from MDS Proteomics (Odense, Denmark).
Methyltransferase activity assay. Flag-JBP1pcDNA3, Flag-JBP1R368ApcDNA3, and Flag-pcDNA3 DNAs (7.5 g) were each transfected into one 100-mmdiameter plate of 293 cells. Total cellular extracts were made in RSB-100 (10 mM Tris [pH 7.5], 100 mM NaCl, and 2.5 mM MgCl 2 ) with 1% Empigen, incubated with 30 l of anti-Flag M2 Agarose Affinity Gel (Sigma), and washed five times with 1 ml of RSB-200 with 1% Empigen. Flag-JBP1 and Flag-JBP1 R368A were eluted from the beads with Flag peptide (Sigma) into RSB-100 according to the manufacturer's recommendation, and about 200 ng of eluted protein was taken for Western blot analysis. For methylation, approximately 100 ng of Flag-JBP1 or Flag-JBP1 R368A (dialyzed into buffer D [14] ) was incubated with 2 Ci of adenosyl-L-[methyl-
3 H]methionine ( 3 H-SAM) and 600 ng of each recombinant protein in 30 l at 30°C for 30 min. Reactions were stopped by the addition of SDS sample buffer, and products were separated by SDS-PAGE. Following Coomassie blue staining, radioactive signals were amplified by treatment with Amplify (Amersham) and exposed to film for 3 h. HeLa cytoplasmic extract was separated by sucrose centrifugation, and fractions 12 to 25 were pooled and immunoprecipitated with 30 l of anti-pICln antibody or 30 l of SP2/0 immobilized on 60 l of GammaBind G Sepharose (Amersham). One-sixth of the immunoprecipitation product was used for Western blot analysis, and the remainder was split evenly and used for methylation. Immunoprecipitation product from one gradient was used for 12 methyltransferase reactions. Methyltransferase activity was analyzed as the anti-Flag immunoprecipitates were analyzed except that films were exposed for 16 to 18 h. Purification of the methylosome and analysis of its methyltransferase activity were done as described above except that 20S fractions from cytoplasmic extract separated on a sucrose gradient were immunoprecipitated with anti-Flag antibody with 0.01% NP-40 instead of Empigen. For analysis of methylated arginine products, 1 g of GST-TEV-D3c32 was incubated with Flag-JBP1 or His-PRMT1 (500 ng) with 20 l of 3 H-SAM (20 Ci, 0.4 nmol) and 1 nmol of cold SAM for 1.5 h at 30°C. Binding buffer (500 l) was added, and GST-TEV-D3c32 was captured on 20 l of glutathione-Sepharose. After washing five times with 1 ml of binding buffer and two times with 1 ml of TEV cleavage buffer (Gibco BRL), the peptide was cleaved in a 50-l reaction mixture with 5 U of TEV protease (Gibco BRL) for 1 h at 30°C. TEV cleavage buffer was removed (the peptide remained associated with the Sepharose in TEV cleavage buffer). The peptide was eluted with 50 l of 1 M triethylammonium bicarbonate (pH 8.5) and dried in a Speed-Vac. After resuspension in 50 l of 6 M constant boiling (Pierce) HCl, the peptide was hydrolyzed under vacuum at 110°C for 20 h, and acid was removed by drying. The hydrolyzed peptide was resuspended in 10 l of water, and 5 l was mixed with 30 nmol each of sDMA and monom-ethylarginine (MMA) (JBP1 methylated) or aDMA and MMA (His-PRMT1 methylated). The standard amino acids were purchased from Calbiochem. This mixture was loaded on LK6DF silica gel 60 thin-layer chromatography plates (Whatman) and separated with ammonium hydroxide-chloroform-methanol-water (2:0.5:4.5:1). Standard amino acids were visualized with ninhydrin, and radiolabeled methylated arginine products were visualized by phosphorimager analysis.
RESULTS
The RG domains of SmD1 and SmD3 bind the methyltransferase JBP1. We have recently shown that the RG domains of SmD1 and SmD3 are necessary and sufficient for SMN binding (20) . Furthermore, SMN binds preferentially to the sDMAmodified forms of these domains (21) . To further investigate the interactions of the RG domains of SmD1 and SmD3 and to identify the potential methyltransferase that modifies them, HeLa cell extract was incubated with immobilized GST fused to the RG domain of SmD3 (GST-D3c32) or to GST alone as a control. After extensive washing, bound proteins were eluted with SDS sample buffer, resolved by SDS-PAGE, and visualized by Coomassie blue staining (Fig. 1) . The immobilized proteins themselves (without incubation with cellular extract) were also resolved and stained to distinguish recombinant proteins from bound cellular proteins. A specific profile of cellular proteins was bound by immobilized GST-D3c32. One of the prominent bands, a ca. 70-kDa protein which binds to GSTD3c32 but not GST alone, was excised from the gel and identified unambiguously by matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry as JBP1 (Fig. 1 ). The sequence coverage was 32% at a mass accuracy below 30 ppm (the 22 matching peptides covered 205 of the 637 amino acids of JBP1). The JBP1-binding protein pICln was also bound to GST-D3c32 but not to GST alone (see below).
JBP1 is associated with SmD1 and SmD3. To confirm that JBP1 is in fact the methyltransferase that binds SmD1 and SmD3, HeLa cell extract was incubated with immobilized GST-D3c32 and GST fused to SmD1 (GST-D1), SmD3 (GST-D3), and the RG domain of SmD1 (GST-D1c29), and bound proteins were resolved by SDS-PAGE and Western blotted with anti-SMN, -JBP1, and -pICln specific antibodies. JBP1 and the JBP1-binding protein pICln bound to the immobilized Sm proteins and their RG domains but not to GST alone. As was previously shown, SMN was not bound to the unmodified proteins (21) (Fig. 2A) . To examine the role of sDMA modification in these interactions, previously described peptides (21) corresponding to the RG domains of SmD1 and SmD3 without (D1c29 and D3c32) or with (D1c29-sDMA and D3c32-sDMA) the specific sDMA modifications formed were immobilized and incubated with HeLa cytoplasmic extract. After washing, bound proteins were eluted, resolved by SDS-PAGE, and probed by Western blotting to detect SMN, pICln, and JBP1 (Fig. 2B) . Strikingly, JBP1 and pICln bound only to the unmodified peptides, while SMN bound only to the sDMAmodified peptides. This demonstrates that JBP1 and pICln associate with the unmethylated RG domains of SmD1 and SmD3, whereas SMN preferentially binds the dimethylarginine-modified RG domains of SmD1 and SmD3.
Because pICln has been previously shown to bind to JBP1 (then termed IBP72) (30), the results presented in Fig. 2 suggest that a JBP1-pICln complex and the SMN complex associate with different forms of the same Sm proteins. This suggested that these two complexes are separate and that the SMN complex binds the Sm proteins after they have been modified by JBP1. To examine these complexes directly and to determine if JBP1 is indeed associated with Sm proteins, immunoprecipitations were performed from HeLa cell cytoplasmic lysate using monoclonal antibodies against the Sm proteins SMN and pICln. As a negative control, a nonimmune antibody (SP2/0) was also used (Fig. 2C) . The anti-JBP1 antibody does not efficiently immunoprecipitate JBP1 (data not shown) and was therefore not used for these experiments. As expected, the anti-SMN antibodies coimmunoprecipitated SMN, Gemin2, Gemin3, Gemin4, and SmB (9, 10, 36) but not pICln or JBP1. Conversely, anti-pICln antibodies coimmunoprecipitated pICln, JBP1, and SmB but not SMN, Gemin2, Gemin3, or Gemin4. Anti-Sm protein antibodies coimmunoprecipitated pICln, JBP1, SMN, Gemin2, Gemin3, Gemin4, and SmB. SP2/0 nonimmune antibodies did not coimmunoprecipitate any of these proteins. These results demonstrate that JBP1 is associated with Sm proteins and that the SMN complex and a JBP1-pICln complex exist as two separate complexes, both of which contain Sm proteins.
A 20S complex containing pICln, JBP1, and the RG domain Sm proteins. The sizes of cytoplasmic intermediates in snRNP assembly containing Sm proteins have been studied by sucrose gradient centrifugation (22, 23, 50) . To examine the fractionation of cytoplasmic pICln and JBP1 on sucrose gradients in relation to that of the Sm proteins, cytoplasmic extracts were prepared and separated on sucrose gradients. After centrifugation, fractions were collected, resolved by SDS-PAGE, and analyzed by Western blotting with antibodies to pICln and JBP1 (Fig. 3A) . pICln was detected in two peaks of approximately 6S and 20S. Interestingly, JPB1 was found only in the 20S pICln-containing peak. Thus, a distinct 20S complex containing JBP1 and pICln, which we term the methylosome (see below), is present in the cytoplasm of mammalian cells.
To directly measure the sucrose gradient migration patterns of SmD1 and SmD3 in relation to those of JBP1 and pICln, myc-tagged SmD1 (myc-D1) and SmD3 (myc-D3) were transiently expressed in 293 cells and sedimented in sucrose gradients, and fractions were analyzed by Western blotting with anti-myc antibodies (Fig. 3B) . myc-D3 and myc-D1 migrated in two peaks that coincide almost exactly with the peak of pICln at 6S and with the 20S methylosome peak. Because JBP1 and pICln bound to the RG domains of SmD1 and SmD3, we examined the sucrose gradient migration patterns of RG domain deletions of SmD1 and SmD3. For this, cytoplasmic extracts from cells transiently transfected with myc-tagged RG domain deletions of SmD1 (myc-D1⌬c29) and SmD3 (mycD3⌬c32) were separated on sucrose gradients, and fractions were analyzed by Western blotting with anti-myc antibodies. Strikingly, myc-D3⌬c32 and myc-D1⌬c29 were detected only in the 6S region of the gradient (Fig. 3B) . The myc-tagged proteins did not affect the sucrose gradient migration pattern of pICln or JBP1 (data not shown). To determine if these myc-tagged Sm proteins and their RG domain deletions are associated with the 6S peak of pICln and the 20S methylosome, fractions 2 to 5 and 12 to 15, respectively, were pooled and immunoprecipitated with anti-pICln, anti-Sm protein, or SP2/0 nonimmune antibodies (Fig. 3C ). Western blotting with antimyc, anti-pICln, or anti-JBP1 antibodies revealed that myc-D3 and myc-D3⌬c32 were both associated with pICln in the 6S peak. The Y12 antibody binds the RG domains of SmD3 and SmD1 (5). Thus, myc-D3⌬c32 is not immunoprecipitated by Y12 antibody, while pICln can be immunoprecipitated by Y12 via SmD1-pICln complexes that do not contain D3⌬c32. In contrast, myc-D3, but not myc-D3⌬c32, was associated with the methylosome in the 20S peak. This was also the case for myc-D1 and myc-D1⌬c29 (data not shown). These results demonstrate that SmD1 and SmD3 are associated with the methylosome at 20S and with pICln at 6S. Furthermore, the RG domains of SmD1 and SmD3 are required for their association with the 20S methylosome but not for association with 6S pICln.
The methylosome binds the RG-containing Sm proteins. To determine which native Sm proteins are associated with pICln at 6S and the methylosome at 20S, cells were metabolically labeled with [ 35 S]methionine and [ 35 S]cysteine, and cytoplasmic extract was prepared and separated on sucrose gradients. As before, fractions 2 to 5 (6S) and fractions 12 to 15 (20S) were pooled and used for immunoprecipitation with anti-Sm protein, anti-pICln, and SP2/0 nonimmune antibodies. The immunoprecipitates were subjected to SDS-PAGE, and the immunoprecipitated proteins were visualized by fluorography (Fig. 4) . Immunoprecipitated Sm proteins have a well-defined pattern on SDS-PAGE (32, 58) , and their positions are indicated in Fig. 4 . All of the Sm proteins were detected in both pooled fractions. However, consistent with previous reports (2, 22, 50) SmD1, SmD2, SmE, SmF, and SmG were prominent in the 6S fractions, and SmD3 and SmB were prominent in the 20S fractions. Similar to the results presented in Fig. 3 , antipICln antibodies immunoprecipitated pICln and JBP1 from the 20S fractions and pICln from the 6S fractions. SmD3 and to a lesser extent SmD1/D2 (in our hands SmD1 and SmD2 could not be fully separated using this gel system) were detected in the anti-pICln immunoprecipitate from the 6S and 20S fractions. SmB was detected only in the anti-pICln immunoprecipitate from the 20S fractions. In contrast, the non-RGcontaining Sm proteins, SmE, SmF, and SmG, were not associated with the 6S or 20S pICln-containing complexes. AntipICln also coimmunoprecipitated several unknown proteins from the 6S and 20S regions of the gradient (Fig. 4) . Two prominent proteins from the 20S fractions (p50 and p37) are likely to be components of the methylosome (Fig. 4) . These results indicate that the 20S methylosome binds the RG-containing Sm proteins SmB, SmD1/D2, and SmD3 but not the non-RG-containing Sm proteins SmE, SmF, and SmG.
pICln binds the Sm domains of SmD1 and SmD3. Previously, it was shown that pICln binds the RG domain-containing Sm proteins SmB, SmD1, and SmD3 (47) . To determine if the RG domains mediate these interactions, radiolabeled myc-D1, myc-D3, myc-D1⌬c29, and myc-D3⌬c32 were produced by in vitro translation and incubated with GST fused to pICln (GST-pICln) or GST alone. After washing, bound proteins were separated by SDS-PAGE and visualized by fluorography ( Fig. 5A and B) . Deletion of the RG domains of SmD1 and SmD3 did not affect their binding to GST-pICln. In the reverse experiment, in vitro-translated pICln bound to immobilized SmD1 and SmD3 but did not bind to immobilized RG domains of SmD1 and SmD3 (Fig. 5C) . Thus, pICln interacts with the Sm domains of SmD1 and SmD3. Furthermore, because the RG domains of SmD1 and SmD3 are required for these proteins to associate with the 20S methylosome (Fig. 3) , these results suggest that the binding of JBP1 to RG domains is important for the interaction of SmD1 and SmD3 with the methylosome. This also suggests that pICln is pulled down by GST-D3c32 from cellular extract (Fig. 1 ) through JBP1 which is bound to GST-D3c32.
The methylosome methylates Sm proteins. To test specifically if the methylosome can methylate Sm proteins, we purified the methylosome and tested for methyltransferase activity towards Sm proteins. For this, cytoplasmic extract was prepared from 293 cells transiently expressing Flag-JBP1 and separated on a sucrose gradient. Fractions were immunoblotted to detect Flag-JBP1, native JBP1, and pICln (Fig. 6A) . While a considerable amount of Flag-JBP1 was found in the pellet of the gradient, some Flag-JBP1 was found in the methylosome. The 20S peak (fractions 12 to 15) was immunoprecipitated with anti-Flag beads and eluted with Flag peptide. Western blotting of the eluate revealed that both Flag-JBP1 and native JBP1 as well as pICln were immunoprecipitated (Fig. 6B) . This is consistent with previous results showing that JBP1 oligomerizes (49) . The purified methylosome could efficiently methylate GST-D3, GST-D3c32, GST-D1c29, and His-SmB but not GST, GST-D1, MBP-␤Gal␣, and MBP-A2-RGG (Fig. 6C) . This indicates that the methylosome methylates Sm proteins.
JBP1 produces sDMA-modified Sm proteins. We could not detect methyltransferase activity from bacterially produced re- combinant JBP1 (rJBP1). Others have shown that rJBP1 has methyltransferase activity which is at least 200-fold lower than that of JBP1 produced in cultured cells (49) . Thus, two independent methods were used to immunopurify JBP1 from cellular extracts. First, we employed a technique previously used to demonstrate that JBP1 is indeed a methyltransferase (46) . To do so, we transiently expressed Flag epitope-tagged JBP1 (Flag-JBP1) and a JBP1 mutant carrying a point mutation (arginine 368 to alanine) in the highly conserved putative SAM binding domain previously shown to reduce JBP1 methyltransferase activity (46) (Flag-JBP1 R368A ). Flag-tagged proteins were purified from cytoplasmic extract on anti-Flag beads and eluted with Flag peptide. As shown by Western blotting with anti-JBP1 specific antibodies, anti-Flag immunoprecipitation of extracts prepared from Flag-JBP1-and Flag-JBP1 R368A -expressing cells contained significant amounts of Flag-JBP1 and Flag-JBP1 R368A , respectively (Fig. 7A) . 
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THE METHYLOSOME PRODUCES sDMA-MODIFIED Sm PROTEINSbody immunoprecipitation was carried out in the presence of the detergent Empigen, which strips off coimmunoprecipitating proteins. This was done because we wished to determine if JBP1 itself, rather than a contaminating protein, can methylate Sm proteins. These preparations of Flag-JBP1 are over 90% pure as determined by silver staining after SDS-PAGE (data not shown). We also immunopurified native JBP1 from HeLa cytoplasmic extract. For this, HeLa cytoplasmic extract was separated on sucrose gradients, and the 20S fractions containing JBP1 and pICln were incubated with immobilized antipICln or SP2/0 as a negative control. As detected by Western blotting, JBP1 and pICln were present in the anti-pICln immunoprecipitate and not present in the SP2/0 precipitate (Fig.  7B) .
To test for methyltransferase activity, the eluates Western blotted in Fig. 7A and B were incubated with 3 H-SAM and each recombinant protein substrate. Each sample was then separated by SDS-PAGE, and the recombinant proteins were visualized by Coomassie blue staining followed by fluorography. A representative Coomassie blue-stained gel showing the migration patterns of the recombinant protein substrates used is shown in Fig. 7F . Both the anti-Flag immunoprecipitate from Flag-JBP1-expressing cells (Fig. 7C ) and the anti-pICln immunoprecipitate from 20S sucrose gradient fractions (Fig.  7E) had methyltransferase specificity toward Sm protein substrates. Similar to the purified methylosome, both of these immunoprecipitates efficiently methylated GST-D3, GSTD3c32, GST-D1c29, and His-SmB. However, these immunoprecipitates could not efficiently methylate GST, GST-D1, MBP-␤Gal␣, and MBP-A2-RGG. Neither SP2/0 immunopre- cipitate from sucrose gradient fractions nor anti-Flag immunoprecipitate from vector-transfected cells showed significant methyltransferase activity toward any of the substrates used (data not shown). Anti-Flag immunoprecipitate from Flag-JBP1 R368A -expressing cells had significantly reduced methyltransferase activity compared to immunopurified Flag-JBP1 (Fig. 7D) . The experiments with Flag-JBP1 indicate that JBP1 can methylate Sm proteins. We note that native JBP1 is in a 20S complex which is associated with Sm proteins (Fig. 3 and  4) . Immunoprecipitation of this complex with anti-Flag antibody (in the case of Flag-JBP1 expression) (Fig. 6 ) and antipICln antibody (Fig. 7) isolates an activity which specifically methylates Sm proteins, strongly suggesting that JBP1 functions in the context of this methylosome.
Surprisingly, immunopurified JBP1 methylated the RG domain from SmD1 fused to GST but did not methylate fulllength SmD1 fused to GST. It is possible that when SmD1 is fused to GST it is a poor substrate for JBP1. To address this, we produced recombinant His-tagged SmD1 (His-D1) and SmD3 (His-D3) and found that, under the same conditions used above, Flag-JBP1 could indeed methylate His-D1 with efficiency similar to that for His-D3 (Fig. 7G) . These results show that JBP1 can specifically methylate SmD1, SmD3, and SmB.
If JBP1 is the Sm protein arginine methyltransferase, it should form sDMAs rather than aDMAs on the RG domains of the Sm proteins. To test this, Flag-JBP1 was incubated with 3 H-SAM and GST fused to a TEV protease site fused to the carboxyl terminus of SmD3 (GST-TEV-D3c32). As a control, highly active (55) recombinant His-tagged PRMT1 (His-PRMT1) was also used to methylate GST-TEV-D3c32. Following methylation, the fusion protein was captured on glutathione-Sepharose, washed, and cleaved with TEV protease. Acid hydrolysates of the released peptides were mixed with standards (sDMA, aDMA, and MMA) and resolved by thinlayer chromatography on silica gel 60 plates (Fig. 8) . Standard amino acids were visualized by ninhydrin staining, and the radiolabeled arginine products were visualized on a phosphorimager. As expected, the known type I methyltransferase PRMT1 (34) produced aDMA and MMA. In contrast, JBP1 produced sDMA and MMA. These results indicate that JBP1 is a type II methyltransferase and that it modifies the RG domains of SmD1 and SmD3 to form sDMA.
The methylosome-associated SmD3 can be transferred to the SMN complex in vitro. The experiments up to this point indicated that the two complexes, SMN and the methylosome, bind different forms of the Sm proteins. The methylosome binds unmodified Sm proteins and produces sDMA-modified Sm proteins, and SMN binds preferentially the sDMA-modified Sm proteins. Thus, Sm proteins may be transferred to the SMN complex after sDMA modification by the methylosome. To determine if there is a difference in the ability of Sm proteins associated with 6S pICln versus those associated with the methylosome to bind the SMN complex, we determined if myc-D3 from these two regions of a gradient could differentially associate with SMN. To do this, cytoplasmic extract was prepared from cells transiently expressing myc-D3 and separated on a sucrose gradient. Fractions containing the 6S and 20S peaks of myc-D3 (Fig. 3B) were pooled and incubated with SMN complex which had been immobilized on anti-Flag beads.
After washing, proteins bound by the immobilized SMN complex were analyzed by Western blotting (Fig. 9) . Strikingly, myc-D3 from the methylosome, but not from the 6S fractions, bound to the SMN complex. In contrast, JBP1 from the methylosome did not bind to the SMN complex. This suggests that the methylosome can transfer Sm proteins to the SMN complex.
DISCUSSION
Here we describe a methylosome that serves to symmetrically dimethylate Sm proteins. We demonstrate that the SMN complex and the methylosome are separate complexes and bind different forms of the same Sm proteins. We show that SmD3 can be transferred from the methylosome to the SMN complex but that SmD3 from pICln at 6S cannot (Fig. 9) . FIG. 8 . JBP1 is a type II protein arginine methyltransferase. GST-TEV-D3c32 was labeled with [ 3 H]methyl groups by JBP1 or PRMT1 (as indicated). Following purification on glutathione-Sepharose beads and cleavage with TEV protease, the D3c32 peptides were hydrolyzed in acid; mixed with aDMA, sDMA, and MMA standard amino acids (as indicated); and separated on silica gel 60 thin-layer chromatography plates. The methylated arginine standards were visualized with ninhydrin, and 3 H-methylated arginine residues were visualized on a phosphorimager.
VOL. 21, 2001
THE METHYLOSOME PRODUCES sDMA-MODIFIED Sm PROTEINSBased on the results presented here and on the fact that sDMA modification of the RG domains of SmD1 and SmD3 is important for their association with SMN (21), we propose a model in which methylation of SmD1 and SmD3 (and possibly SmB) by the methylosome targets these proteins to the SMN complex for assembly into snRNP core particles (Fig. 10) . The binding of JBP1 to unmodified RG domains and the binding of pICln to the Sm domains of the RG-containing Sm proteins ( Fig. 3 and 5 ) appear to recruit these proteins to JBP1 for methylation. Based on inhibition of snRNP assembly after injection of recombinant pICln in Xenopus oocytes, it was proposed that pICln functions as an inhibitor of snRNP assembly (47) . Our results argue that pICln functions, at least in part, as a component of a JBP1 methyltransferase complex which produces methylated RG-containing Sm proteins for the SMN complex and thereby for assembly into snRNPs. Thus, excess pICln would be expected to perturb this pathway prior to SMN-Sm protein binding, making it appear that pICln is a general inhibitor of snRNP assembly when it actually functions in the methylation of Sm proteins. Sm proteins are believed to be stored in the cytoplasm (50) , suggesting that core assembly may be regulated, and our findings indicate that the methylosome could serve to regulate interaction of RG-containing Sm proteins with SMN, thus reg- A schematic depicting Sm RG domain posttranslational methylation by the methylosome is shown. After sDMA modification, the Sm proteins associate with the SMN complex and, along with the other Sm proteins (which also bind SMN), are assembled on snRNA to form an snRNP core particle. ulating snRNP assembly. Interestingly, JBP1 has been shown to interact with JAK kinases (46) , raising the possibility that phosphorylation of JBP1 may modulate its activity. JAK kinases have been shown to be involved in signal transduction of many cytokines, hormones, and growth factors (reviewed in reference 57), and they may provide cells the capacity to modulate the rate of snRNP biogenesis. It will be of interest to determine if JAK kinases can phosphorylate JBP1 and if this can change the activity of JBP1.
Immunopurified JBP1 produces sDMA-modified residues in the carboxyl RG terminus of SmD3, indicating that JBP1 is a type II methyltransferase. It is not likely that the methyltransferase activity in the JBP1 preparations is a result of a contaminating methyltransferase, because a single point mutation (R368A) in the highly conserved putative SAM binding domain greatly reduced this methyltransferase activity (Fig. 7) . Others have shown that bacterially produced rJBP1 has arginine methyltransferase activity which is at least 200-fold lower than the activity of mammalian cell-produced JBP1 (49) . We were unable to detect methyltransferase activity in our preparation of rJBP1. It is possible that disulfide-linked homo-oligomerization or specific phosphorylation is important for JBP1 activity (46, 49) . Furthermore, because JBP1 functions as part of a large complex, it is likely that its activity requires other components of the methylosome such as the Sm domain-binding protein pICln. Type I methyltransferases produce aDMA and constitute the majority of cellular arginine methyltransferase activity (25, 55) . Only three proteins have been shown to contain sDMA: myelin basic protein (25) and SmD1 and SmD3 (5) . Two of these, SmD1 and SmD3, associate with JBP1 in the methylosome. While this paper was in preparation, Branscombe et al. reported that JBP1 is a type II methyltransferase (6). However, those authors have not demonstrated that JBP1 methylates Sm proteins, nor have they shown that it functions in the context of the methylosome, as we show here.
We show that pICln is present in a 6S JBP1-free complex and a 20S JBP1-containing complex in the cytoplasm. SmD3 and SmD1 and/or SmD2 are found in both 20S and 6S complexes (Fig. 4) . Based on pulse-chase experiments, it was proposed that the Sm proteins accumulate in 4S-6S complexes prior to assembly into snRNP core particles of approximately 11S (18) . Subsequent work also identified SmB and SmD3 in an approximately 20S complex (1, 22, 50) . Anti-Sm protein antibody immunoprecipitation experiments and Sm protein purification identified pre-snRNP Sm protein complexes of B/D3, D1/D2, and E/F/G (48, 50) . Our results show that in a 6S complex SmD3, but not SmB, is associated with pICln, and this is consistent with previous work showing that B and D3 are associated with each other in a 20S complex but not in a 6S complex (22, 50, 58) . Our data show that SmD1 and SmD3 can interact with the 6S, JBP1-free pICln complex, and these associations do not require the carboxyl-terminal RG domains. This is consistent with our data showing that pICln binds to the Sm domains of SmD1 and SmD3 (Fig. 5) . In contrast, the RG domains of SmD1 and SmD3 are required for association of these proteins with the methylosome, and this association may be mediated, at least partially, by the direct binding of JBP1 to RG domains.
The methylosome is important for modifying Sm proteins so that they have higher affinity for the SMN complex. This raises the possibility that reduced activity of the methylosome may reduce the level of Sm protein-SMN interaction, which may have consequences similar to those from having reduced levels of or mutations in SMN, as is the case in SMA. Thus, it is conceivable that defects in or suboptimal function of the methylosome may also result in degeneration of motor neurons or further aggravate the severity of SMA.
In summary, we present evidence that modification of the RG domains of SmD1 and SmD3 to form sDMAs is carried out by a novel 20S complex, the methylosome. The activity of the methylosome depends on the methyltransferase JBP1. The function of the methylosome is to produce sDMA-modified SmD1 and SmD3, which drastically increase their affinity for the SMN complex. These findings suggest a pathway of snRNP assembly in which methylation of Sm proteins by the methylosome regulates snRNP core particle assembly.
